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ABSTRACT

The most accurate instrument for spacecraft attitude determination is a star tracker. Generally, these are CCD-based
instruments. Until recently, only first-generation units were available. 1 lowever, these first-generation designs are limited to
outputting positions ofa few stars in sensor-referenced coordinates and require extensive external processing. Fortunately,
advancing technology has enabled the development of a new second-generation class of star trackers. These designs are
fully autonomous, solve the lost-in-space problem, have large internal star catalogs, use many stars for each data frame, have
higher accuracy, smoother and more robust operation, potentially lower cost, and output attitude which is referenced directly
to inertial space }vithout any further external data processing. I’wo currently available designs }vhich are in production and
meet these requirements are the AS”f-201 from Lockheed  Martin Missile & Space and the ASC from the Technical
University of Denmark. The first design is in the general size, po\ver, mass, and reliability class of typical, conventional star
trackers. The second one features reduced size, power, mass, and cost, w’ith commercial off-the-shelf components. Second-
generation star trackers have a promising future with a likely evolution to low cost, miniature, stock instruments with wide
application to a growing variety of space rtlissions.

1. INTRODIJCTION

It is vital for most space vehicles to know their attitude from an onboard sensor. The information is used to navigate, fire
thrusters, and to point antennas and experiments, etc. usually,  a quaternion or a direction cosine matrix is used to represent
the attitude of the vehicle. These describe a rotation from an inertial space coordinate system to a coordinate system referred
to the attitude sensor. A successive coordinate rotation can relate the attitude sensor coordinate system to the spacecraft body
in yaw, pitch, and roll. Specifically, the at(itude determination subsystem has to derive the direction cosine matrix A which
satisfies equation ( 1).

i’= Al; (1)

where W is a unit vector in the sensor coordinate system and V is the same vector in the inertial coordinate system.
Commonly, some combination of magnetometers, star trackers, sun sensors, zero crossin:  magnetometers, horizon sensors,
or star scanners are med on both spin stabilized and three-axis stabilized spacecraft for attitude determination [ I ]. Star
trackers are best suited for three-axis stabilized applications, In most applications the output of the star tracker is used to
update and correct drift in an inertial reference system which provides high bandwidth positional information. I[o\vever,  a
‘gyroless’ spacecraft can use a mathematical model for attitude information. ‘[’he star tracker then updates the state vector in
this model.
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[“igure ! shows an cxa[]lplc  ot’ l“cl,l[ing inc[[ial  spauc to a vehic!c.  An incl”tial  coordi[]atc”  S~\(L’11]  couid h’ dctincd  as the X-
axis towards (I1c Vc’rnal  cxluillt),s, tltu’ Z-:i\is  toward  (IIC North  pole Ot’!h L’ cL’l L’Wi(ll Sp]l L’rC. and IIIC Y-il\is pointing opposite
the cross product 0! tbc tw~~ vcctol-s.
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Figure 1. Iklation  bet~veco the celestial sphere and a spacecraft referenced coordinate system

2. FI1?ST-GENERATION CCI) STAR TRACKERS

Attitude determination based on the use of charge couple devices (CCD)  area array imaging sensors \vas pioneered in the
early 1970s at JP1, [2]. The instrument consists of a CCD sensor, associated optics, and dedicated electronics. I’ypically, two
to six star images are detected in each data frame. l’he instrument then outputs the CCD coordinates of these bright spots,
\vhich are then utilized in the satellite main computer or in later post processing of the data on ground. I’he attitude
determination may require additional information, such as the sun vector. Many commercial suppliers have implemented
such star trackers [3- 7]. I’hey can be characterized as first-generation units. F’igure ? sho}vs the early, JP1., high-accuracy,
ASI’ROS  design [8] with key parameters of it given in Table 1.

i
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Figure 2. JPI. ASTROS  star tracker of 1985, processing electronics on the left, camera head on the right.

Table 1. ASTROS  key parameters

E=
-. ——

33
——

Mass 41kg Nutnber of stars tracked 1-3
—— ——

Power consumption Z w initial attitude acquisition No
—

Field of View 2.2 s 3.3 degrees Update rate 6 [[7
—— —

lk!atiVe Accuracy 0.8 arcscc, 1 0, I axis, per star I’hcrmal  electric cooler Yes
—— —

The Lawrence Livermore,  National laboratory, Clementine star tracker deserves special mention as an early autonomous
design which helped pave the way for true second-generation units. [t fcaturt!d  a small carom head of about 450 g mass
with a pokver  consumption 01 about 4.5 ~vatts. a very wick FOV of about 55 by 45 degrees, an innovative, spherically curved
focal plane lens ~vhich was coLlpled to a ‘1’hompson  CCt) by a dual, ticld-tlatlcning,  fiber-optic  plug system. I( rciicd on the
use of an extmal tracker software systcrn callul  Stclkrr (’ornpass TM by its ~ev~loper,  [ntelligcrl[  [) CC ISi(lll S, IO C., W’hi Ch

could track Llp to 10 stars from a small ca[alog  ot’ about 400 stars. [)UC to various factors, its accuracy and its sky coverage in



r’(~i[ ;II1:Ic welt  Iilllllcd  t{) LtIc Illilliradian and ~i’)~) r;lngcs,  rc$pcclivc![y [()]. A succL>\sor  mtJLtL’1 M I(I1 l(llp[{)VCd  [X’rfOrnlanCC

charactciistics  is being tll;IIILI liICl LII-CCl  by (K’A  C’OI-p. ~Jl(iardcn  ~]rove.  C’alitiltlll:l.

.3. SK(:ON1)-(;I  ;NKI<AI’ION”  CC1)  STAR “I’R/\(” KKRS

Within the last live years, a ncw gencra(ion  o! star trackers has been developcL1. “1 hcsc arc idcntilicd as scc~mcl-gencra(ion
units. ‘1’his ncw gdncration of star (rackers is diflcrent  Iron) (I1C prior generation because:

● Star constellation patkrn  recognition is performed autonomously utilizing internal catalo:s.  ‘i be solution
of the Iost-in-space problenl  is inhcrwnt and no external processing nor additional atti(ude kno~vlcdgc is
needed  for celestial pointing reference determination.

● LJtilimtion ofa Iargc number  of stars in the range of25  to 85 in the tlclcl ofvim’ (l:tJV) is done for each
data frame. Attitude determination from internal catalogs of over 20.000 stars is bawl on a signal \vhich
is effectively much larger than in first-generation units. This significantly improves acquisition
probabilities and accuracy over the whole sky.

● All compensations, incluciing  light time effects, as they apply, arc performed internally

* Attitude quaternions  referenced to inertial space are output directly w’ithout  the intervention ofextermal
processing.

~’his recent development has been primarily facilitated by the availability of very powerful microprocessors (> 10 MIPS) and
large memory (Mbytes) for spacecraft use. A significant advantage of a second-generation star tracker is the simplicity of its
integration with the spacecraft. The instrument is completely stand-alone and autonomous, only a very simple, low
bandwidth data interface exists between the satellite main computer and the star tracker. l’he savings in spacecraft integration
by not having the attitude control computer include star catalogs and all of the associated processing and correction
a]gorithn)s  (thousands of lines of source code) are significant, and can be a major fraction of the cost of the tracker, itself.
Adclitionally, the lengthy experience gained during development and test flights helps to assure a high level of reliability and
robustness.

F’igures 3 and 4 show two typical examples of second-generation star trackers [ 10, I I ] \vith key parameters given in Tables 2
and 3.

[:igure  3, C} IAMP ASC are used on the German  C}l AM1’ [:igurc 4. AS’I  -201 art used on the New Millennium DS1
mission: a sccc)ncl-gcrlerotic~rl star [racker manufactured by mission: a scc(>f~cl-gc[lcr.ltic)r~ star trachcr manufactured by
the “1’ethnical University of [knmark.  I 997. [)ata Processing I.ockhccd  Martin Space and Missile Systems, 1997.

tJnit ([)1’U)  is displayed with two separate camera hcacls.



‘1’abl~ 2. CtlAM1’ ASC li~y piltiit]]~t~rs
FMass

‘:-+=-+Power consumption

I Field of Vic\v ] 19°x 14°

Relative Accuracy 3 arcscc, I 0, single
axis

I Number of stars tracked I 25-200

1- --–-R-–-IInitial attitude acquisition

Update rate

1- -__—_-LY!--JThermal electric cooler

“1’ablt .3. AS”I’-2O  I key parameters

E:: Iii
X,O kg (Jvith I 8°biltllC)

Power consumption

RCliltiVC single axis accuracy

I Initial attitude acquisition I Yes \

~w-----lI’hermal  electrical cooler

4. INI’I’lAI.  ATTITIJDIt ACQtJISITION

The initial attitude acquisition, or pattern recognition of star constellations, is not a trivial matter. The problem is illustrated
in Figure 5. The second-generation star tracker is presented with an image of a small portion of the night sky (less than 10/o).
The image includes uncertainties in the magnitude and in the positions of the stars. Also, false objects may be present in the
image (planets, other satellites, radiation, etc.). The star tracker is required to complete the task in a few seconds.

El. . .

Figure 5. Performing pattern recognition of a star constellation.

The problem has been solved in different ways. Neither a comparison nor a detailed description of the various approaches
will be given klerc. These algorithms are covered in numerous, detailed papers on pattern recognition of star constellations
[ 12-2 I ]. Usually, the algorithm will complete the pattern recognition in seconds with a success rate approaching 100’?4o.
Pattern recognition has been demonstrated down to an FOV on a few degrees.

5. STAR TRACKFI:R  C1lARACTERISTICS

A summary of selected characteristics of star trackers and their effects on design parameters arc as follows:

5.1 Field of view

I’he size of the FOV is probably the most important parameter of a star tracker. General purpose star trackers FOVS range
from a few degrees to over 30° diagonally. When the FOV is narroived,  the following will happen:

● The angular resolution ofa single pixel will be better, resulting in linear increase irr pitch and yaw
accuracy.

● I’hc performance will tend to improve, but roll, or twist accuracy will tend to remain  constant



“ ‘[’he [CIIS  aperture Witl increase because it is dc%irab!u 10 hilvc a givL’n  avcr~lge  l) Ull)bL’r  Ofstars in the
f:OV, to compensate f~w [he narto\vcr  I:(>V  in order [0 allow lhc star [racker to sec taintcr stars. l’his,
with the increasing Icngth of the optics, tends to increase the nlass by the Cube of ttlc twal  length (for a

Iixtkl  Utlorclr:tctivc  dcsigfl),

●  l’l]cnlltllbcr  ofstars  i[]tlle  c[lti~logll]tlst  illcretlse tvitlltllc  cclIlectillg  apcrtllre  ofthclens. "l`llis[~~eans  that
the compkxity  of the pattern recognition of star Constellations increases rapidly with the number of stars.

5.2 Sliycovcragc
Sky coverage is the percentage of the sky over which the star traclwr  will acquire and track. A second-generation star tracker
hashigll  sensitivity, resLllting inalarge r~Llt~~ber  ofstars  being detected intlle  I;OV. Itwillrarely experience’’black  outs”
during tracking. The initial attitude acquisition is more difticult  than tracking. When the number of stars in the I;OV is small,
thealgorithnls  will tend torejcct tl~ein~age. l'llisprobleI~l isaggravated  byaIlacqLlisition catalog ~vl~ich issnlaller  than the
full tracking catalog. Consequently, tllenlinirlltlnl  nllnlbcr  ofstars irloncfrar~le nlaydrop  bclotvthe  n~irlinlLln~  necessary for
acquisition over a small percentage of the sky.

5.3 Mass
The mass of a star tracker is especially important to an increasing market for microsatellites. The mass of a star tracker varies
from a few hundred grams to more than 20 kg. Mass is dominated by two components: the processing electronics and the
optics. With the current state of technology, the mass of the electronics usually dominates the optics. However, as discussed
later, when it is possible to implement a star tracker on a few integrated circuits (lcs), the mass of the optics will dominate,
giving a decided advantage to a wide FOV design, as detailed above.

S.4 Star  catalog size
The required size of the star catalog depends on the sensitivity of the system. If the system is sensitive (i.e., large aperture,
long exposure time, etc.), a large star catalog is required. Figure 6 illustrates the required star catalog size as a function of the
F’OV for 3, 15, and 75 average stars in the FOV.

Required star catalog size
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Figure 6. Required star catalog size as a function of the FOV for 3, 15, and 75 average stars in the FOV.

[t is undesirable to have a large star catalog, since it occupies large amounts of nonvolatile memory, and it complicates the
initial attitude acquisition. The required processing pow’er will increase rapidly tvith the number of stars.

5.5 processor  rcquircrnents
Second-generation star trackers require large computational resources to do the initial attitude acquisition and calculate the
quatmmion of the image data at high frame rates, I’he two leading examples [ 10, I 1], track, perform p~ttern recognition of the
star constellations in less than 2 seconds. ‘1’hc tracking update  rate depends on whether special electronics operate the CCD
in a “windows mode>’  or the microcomputer has to digitize the whole  irmrgc and handle all image processing by itself.
Update rates for star trackers are on the order of 1-30 I [z.. A processor in the 10 to 15 MIPS ran:c is rcquirul.



5.6 A[l;llog-to-di  git;il convcrtcr  (ADC;)  resolution

‘1’here is a large s pan in brightness bctwccn IIIC dimmest  and tbc bri:htcst  star dc[cctcd.  In mlcr to prcsmw  int’ormation,  it is
desirable to cmploy  a tligl]-rcst~ll[tiflt], 12-bit  A[X’. I [owevcr, wllcn a Iargc Ilunlbcr o!slars  art  utili/c’d in the star image
( >50),  OIIly  ;I SIII;lll fr:lCtion oftbe st:lrs :Irc so bright  that more than 8 bi[s art required. [[only  8 bits are utili~,cd, there is a
large computational advantage. and the few very brigbt stars in the image can bc discarded, since their contribution to overall
accuracy is small,

5.7 Update  rate
“1’he update  rate depends on two factors: the exposure time and the processing time for the image. I’bcse  two processes may
bc pipelined.  l’he longer the exposure time, the more photons are utilized and the better the signal-to-noise ratio. }Iowever,
the entire attitude control subsystem relies on how accurately the attitude can bc extrapolated to a specific time. Therefore,
exposure time and accuracy are trade-offs for a stable platform, depending on the spacecraft dynamics. For a second-
generation unit large computations are required between updates; this may very well be the limiting factor on frame rate. In
the case of a spinning spacecraft, or even those experiencing, orbital angular rates, the exposure time is limited because the
stars will be smeared out over a large track with an effective loss in sensitivity and accuracy.

6. ACCURACY

The fundamental limit of pointing accuracy of a star tracker is the knowledge of star positions which are the most accurate
references available. Astronomers have spent hundreds of years recording star positions. The II IPPARCOS  [22] star catalog
recently (mid ’97) became commercially available. The objective of the tlIPPARCOS  satellite w’as to record the 120,000
brightest stars ~vith a positional accuracy of 1 rnilliarcsec, thus, effectively eliminating star position uncertainties from the
error budget ofg,eneral-purpose attitude determination.

Star trackers are capable of accuracies in the range of 0.1-20 arcsec.  It should be noted that it is common to quote accuracy
in rms (or 1 u), not 3 0 values. Pitch, yaw, and roll values are specified about the boresight  of the optical axis. l’he following
is a discussion of how the accuracy is achieved, its components, and its measurement:

The angular resolution of a single pixel is not that high, but utilization of two phenomena will increase it:

● Sub pixel accuracy which can be achieved by calculating the star image centroid

● Utilization of multiple star observations in each image

6.1 Sub pixel accuracy
It is essential to not have highly resolved, or sharp, star images. The images must be spread over several CCD pixels. Thus, it
is possible to determine the position of the star by calculating the center of the whole image (the centroid) and interpolating
to a small fraction of one pixel [23]. Resolutions down to 1/100 pixel have been achieved. On the other hand, it is not
desireable to smear the star out on too large an area, because  this ~vill decrease the SNR. l’ypically,  a point spread function
of a few pixels is chosen. For illustration purposes, Figure 7 shows a star image from a developmental star tracker taken in
early 1997 and includes a close-up of a single star and the calculated star centroid.

[fit is possible to mount the CCI) orthogonal to the axis of rotation and use a frame transfer CCD in time delay integration
(“1’DI)  mode, the adverse effect on accuracy can be nlinimimcl. I’his  means that the ima~es are read out in the opposite
direction of the motion of the satellite, and the photoactive area, therefore , is fixed in space, which provides significant
compensation. A motion smear reduction factor of 14 to I is expected in one study. It is also possible to determine a rough
estimate of the axis of rotation and spin rate by utilizing image processing on an image acquired in the tumbling mode.



Figure 7. Star image acquired with an Active Pixel Sensor (AI’S) based JPL, prototype star tracker. I’o the right is shown a
close-up of a single star and the calculated centroid as indicated by the cross hairs.

6.2 Multiple stars
Based on either the previous attitude estimate or the pattern recognition of star constellations algorithm (which is only rarely
applied), it is known which stars in the star image corresponds to which on the firmament. Various star coordinate systems
can be used, typically .12000 [24] is used. “[’his  can be corrected for precision, nutation, and light time aberration (provided
the trajectory is supplied). The star catalog position is projected onto a unit sphere. A right-hand VSN (vernal, summer,
north) coordinate system can be used [25]. I’he X-axis pointing towards the vernal equinox and Z-axis pointing toward the
North Pole.

A star catalog star with right ascension (CX) and declination (b) will map onto:

7’he stars in the CCD image are also projected onto a CC1) unit circle, e.g., X- and Y-axis coincident with the CC1) chip and
Z-axis pointing orthogonal toward the star. Ifa star has position (x,y) on the CCD chip, the angular distance to the boresight
($) will be:

Where, d~O,,,c)n,l ~,,,1 ,,,, is the width of a single pixel in mm, d,,,,,t,,l ~,,,, ,,Ie is the height of a single pixel in mm and F’ is the focal

length of the lens in mm, (.~o, yo) is the intersection of the CC[) chip and the optical axis.

Typically, the lens will cause some distortion, which is corrected for by utilizing a lens distortion correction polynomial:

The Icms distortion coefficients (al,al... ) are determined by the lens rnanufacturcr or by calibration.

(4)

‘[’he argument (0) of the star observation is:



( (r - .V,))  J,,,o = .4 tan 2 (,)’ - J’,)) J,,r,,cc,/  ,),,,/  ,,,,(,  . )rl:(,  )ll’11  pllel  .\ I:<, ) (5)

Where Atari? is four  quadrant arctan,  and OS atan2 (y,x) <?rr.

Now( the star maps onto the unit sphere:

I’he star tracker should calculate the best “average” rotation, which rotates star catalog positions 1; on the unit VSN sphere( )

()to the star observations }~ on the unit camera sphere. In other ivords, minimize:

(7)

The problem of deriving an average direction cosine/quaternion for an over-determined set of equations has been solved by
the Quest algorithm [26].

The accuracy of the solution will depend on the accuracy of the single stars and the number of stars utilized in the following
way:

(8)

Typically, thetwist angle will be4to 12tin~es  lessaccLlrate  tl~antllose  of thepitchandyatt'. l’he twist angle primarily
depends on the number of pixels on the CC1) and the accuracy of the subpixel  algorithm.

All of the terms which contribute to a single star error, can be compiled in an error tree or bud:et  as shown in F’igure 8.
Measurement of accuracy is challenging. Starting with the noise equivalent angle (NEA)  which is the variation of the attitude
estimate when the star tracker is presented with a constant input, the NI; A can be measured by mounting the star tracker on
an equatorial mounted telescope. The telescope is commanded to track a portion of the sky near zenith. I’he output of the star
tracker should remain constant, and only include the NEA. The noise of the telescope drive and atmospheric perturbations
are superimposed on the attitude estimate. [t should be noted that it is desirable to utilize a premium observation site with a
high accuracy, iow noise tracking system, because the magnitude of the atmospheric perturbation typically is comparable to
the NEA of the star tracker. An example of the output of a second generation, prototype star tracker, the Advanced Stellar
Compass (ASC)  from the Technical University of Denmark is depicted in Figure 9. I’he data w’ere acquired at Mauna Kea,
}Iawaii, in May 1996 with seeing conditions in the range of O.3 arcsec, rrns, It shows the declination and the roll angle
olltplrts.
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It is also possible to n]eas.ure the relative accuracy of a star tracker ~vith a real star ticld.  Relative  accuracy is dcfincci here, as
the uncertainty in the positional output that occurs while the star tracker E’(JV is presented with moving star fields. I’his
uncertainty includes all of the error terms.  except  the line-of-sight (1.0S) offset terms. ‘1’he relative accuracy of a star tracker



can h nlcasurcd by poin[ing  the s[ar tracker Iotvatd  lIIC /cnitll.  [)uring  this opcralion  the star ticlds drilt though the I:OV.
‘1’he  declination and roll ra[c will rclnain conslant ~vhilc  the right awcnsion  will drift with the sidereal rate in the FOV.  Figure
10 show’s the output declination and roil angles (rol~l  the prototype AS(’.

a, Decllnat(on,  gross relal(ve  uncertalnry b, Roll angle, gross relatwe  uncertainty

>,, V.,  !

>,, . . ,,. M

.,, ,, !,. ,$

! w!  ,4. 1  <.  5.,  ,!, ,!, ,., ,., !,,  ,,,. ,., .,.,, $,,.  !,,) !., , ,,., ,,!, ,., .$.,  ?!. ,! . . . ,., ?.., .5’, ! ,., ,m ,, k,  5)!  .), ),, d,  ,,, ,,! 1..,,. ,,, ,, :,,,),  ,,, ,, .,, ,,, .,.,. . . . , $,,  , .,, ,. .,.,, ,,, ,

Image no lma~. no

Figure  10. Declination and roll atlgles of the attitude estin~ate of the prototype model of the ASC. I’he relative accuracy of
the declination is 1.4 arcsec and the relative accuracy of the roll angle is 13 arcsec, both in rms,  when low frequencies due to
observation artifacts are removed.

All of the measurements and error budgets discussed have assumed that the star tracker was mounted on a three-axis,
stabilized spacecraft with negligible, motion-induced smear. Normally, there will be some motion-induced smear which will
reduce the accuracy. A good quantization of this effect is not readily available, but it is common to specify accuracies up to
some limiting rate such as 0.1 degrees per second.

7. FUTLJRE  DEVEI.01’MENTS  OF STAR TRACKERS

Star trackers have undergone a significant evolution in the past five years; an even faster pace of evolution is anticipated in
the next five years as a result of ongoing developments in sensors and microminiaturization.

All star trackers discussed herein are based on the mature  C’C[)  area array sensor technology. A competitive, new, sensor
technology field has appeared: active pixel sensors (APS) [27,28]. APS advantages over CCI)S include enhanced radiation
resistance, a larger dynamic non-blooming range, and control of individual pixel integration times. llow’ever, APS
technology is not yet mature. Preliminary, real sky tests conducted at JPL.  shows promising results in star tracker
applications. lhe AF’S sensor requires no special support chips, since it is fabricated using standard CMOS technology.
I’herefore,  supporting logic and parallel analog-to-digital (A/1))  encoding can be integrated ~vith it on a single piece of
silicon. it also operates from a single 5-volt supply. I’hese  factors make it very compatible with microcontrollers and the
eventual realization of a single lC star tracker whose mass and size are dominated by the optics and baftle. Such a high level
of integration also promises great redLlctions  in cost and a large increase in the nunlber  of applications.

The hardware demands for both present and future versions of a second generation star tracker can be generally surnrnariz.ed
as follokvs

.

.
●

●

●

.

.

Small f/no optics
5-30 degree F’OV

Solid state, area array
IO- 15 MIF)S computer
Few Mbytes memory

with A/I) conversion

[’w Mbytes  F’1.AS}I RAM memory
Communications interface

Current state-of-the-art Illicrc)corltrollcrs  dcsignecl  for hand held devices  [29,  30]  Can nleet all of the hard~varc  requirenleots
with 4 to 5 ICS for the entire star tracker, if an AI)S sensor is at iliml, Furthermore, the ICS can be stacked togedwr in one



package. It is believed that this existing technology can realize  a second-generation star tracker iveighing  200 gratns  and
consatning  400 nlW. ~arrently, NASA funding is expected for a joint JP1,/Cioddard  Space Flight  Center star tracker
initiative, working towards this goal.

l’he fLlture conlbination  of a second-generation catnera head with a global position satellite (GPS)  receiver for lotv-~larth
orbital applications is attractive for obtaining both precision position and pointing information. “1’he  CIPS receiver is also a
small instrument equipped with a powerfol  microcomputer. It is possible to combine these instruments so they can utilize a
common microcomputer. once such a navigation instrument is developed, it would be very easy to integrate }vitb a satellite,
and all navigation woald have been taken care of. Sach a device is proposed for a Jf’1, future space interferometer mission,
bat to be osed ~vitb a local beacon, instead ofthc standard G1’S system.

In principle, a second-generation star tracker is a camera and a dedicated image processor. This combination has also many
other applications in space, sach as optical navigation, non-slcllar object detection, space docking, formation flying, etc. [31].
Some current development is focused on having the star tracker operating, even though a majority of the FOV is occladcd by
the I;arlh or moon (yvith  reduced accuracy). ‘1’bis will significantly increase the sky coverage enormously for l;arth-orbiting
applications.

8. SUM MARY

Star trackers have been rapidly evolving over the last half decade. };irst-gcneraticrn  devices oatput only a few star positions in
CCI) coordinates, whereas recently developed, second-generation units cmtpat their attitude referenced directly to the
celestial sphere, and ~vith increased accaracy. Various key numbers associated with a star tracker and how they affect the
mass and the accaracy have been discussed, f’ointing accaracy and field of view arc mataally  proportional and inversely
proportional to mass. ‘l’he key components of accuracy and examples of how accuracy is measured at astronomical
observatories have been covered. Finally, it is projected that fatarc star trackers Jvill bc even smaller and the electronics
could be integrated into a single large scale integration circuit package. Maw woald be approximately 200 grams and power
consumption 400 n]W.

‘[’he research described here was carried out by the Jet Propulsion laboratory, California institute of ~’echnolo:y,  and was
sponsored by the X2000 proiect, the National Aeronautics and Space Adnlinistration  and the ‘1’echnica]  IJnivcrsity  of
I)enrnark.

References herein to any specific commercial proclact,  process or service by trade name, trademark, manufacturer, or
otherwise, does not constitatc or imply its enciorsemcnt  by the LJnited States Clovernment or the Jet Propulsion I,aboratory,
California institute of I’ecbnology,  or the ‘i cchnical (University of [knmark.
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